A primary culture of distal convoluted tubules expressing functional thiazidesensitive NaCl transport.
. The monolayers also established opposing transcellular concentration gradients of Na ϩ and K ϩ . Radioactive 22 
Na
ϩ flux experiments showed a net apical-to-basolateral thiazidesensitive Na ϩ transport across the monolayers. Both hypotonic lowchloride medium and 1 M angiotensin II increased this 22 
ϩ transport significantly by four times, which could be totally blocked by 100 M hydrochlorothiazide. Angiotensin II-stimulated 22 
ϩ transport was also inhibited by 1 M losartan. Furthermore, NCC present in the DCT monolayers was detected by immunoblot and immunocytochemistry studies. In conclusion, a murine primary DCT culture was established which expresses functional thiazide-sensitive Na ϩ -Cl Ϫ transport.
NCC; DCT; COPAS THE NA
ϩ -CL Ϫ COTRANSPORTER (NCC) plays a pivotal role in the regulation of salt homeostasis by the kidney (29) and constitutes the rate-limiting step of Na ϩ reabsorption across the early part of the distal convoluted tubule (DCT1) (10) . NCC downor upregulation, therefore, modifies renal NaCl reabsorption (3, 31) . Diuretics, such as hydrochlorothiazide, inhibit NCC and induce NaCl wasting (31) . Diseases are associated with mutations in NCC or the genes it interacts with (9) . Loss-of-function mutations in NCC cause Gitelman's syndrome, which is characterized by hypotension, renal salt wasting, hypokalemia, hypocalciuria, and hypomagnesemia (14) . On the other hand, missense mutations in the With-no-lysine kinase 4 (WNK4) gene, which normally inhibits the activity of NCC (20) , results in the increased activity of NCC and leads to pseudohypoaldosteronism type II (PHAII), also known as Gordon's syndrome (15, 19) . PHAII is the mirror image of Gitelman syndrome and is characterized by hypertension, hyperkalemia, metabolic acidosis, and hypercalciuria (15) .
Elucidating the molecular mechanisms that underlie the regulation of NCC is complicated by the lack of a native cell model exhibiting transcellular thiazide-sensitive Na ϩ transport. Few cell models exist, but not one displays true distal convoluted tubule (DCT) characteristics. Heterologous expression systems, such as NCC-transfected HEK293 cells and Xenopus laevis oocytes have been used for 22 
Na
ϩ uptake experiments (24, 26) , while isolated mDCT cells [which contain cells from the thick ascending limb (TAL) and are therefore not pure cultures] and mpkDCT cells have been used to study phosphorylated signaling pathways involved in NCC regulation (8, 16) . In these cells, the different regulators of NCC, angiotensin II, and hypotonic low-chloride medium, have been shown to phosphorylate and activate NCC (25, 27, 28, 30, 32) . However, mpkDCT and mDCT cells lack thiazide-sensitive transcellular Na ϩ transport (8, 16 ). This could be explained by the fact that immortalized cells or secondary cell cultures can lose their phenotype after a few passages.
The aim of the present study was, therefore, to establish a primary cell culture of mouse DCT that shows unidirectional thiazide-sensitive Na ϩ transport. We combined the use of enhanced green-fluorescent protein parvalbumin (PV) transgenic mice (eGFP-PV-mice) (21) with the Complex Object Parametric Analyzer and Sorter (COPAS) (7) . PV is a Ca 2ϩ -binding protein that, in the kidney, is mainly expressed in the DCT. Belge et al. (1) showed that PV colocalizes with NCC. PV is, therefore, a relevant indicator of the presence of NCC in isolated tubular segments. The COPAS is a large-particlebased flow cytometer that can sort and collect cell clusters as a function of size and fluorescent intensity. Recently, Miller et al. (23) showed that it is a fast and viable automated method to isolate tubular segments from the collecting duct. Subsequently, the 22 Na ϩ transport regulated by NCC was investigated across the established primary monolayers. To our knowledge, we are the first to measure unidirectional thiazidesensitive Na ϩ transport across native DCT monolayers that can be regulated by physiological maneuvers.
EXPERIMENTAL PROCEDURES
Materials. Collagenase type 1 was purchased from Worthington Biochemical (Lakewood, NJ). Hyaluronidase (catalog no. H3884) was purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). Cul-ture media and additives were purchased from Life Technologies (Breda, The Netherlands). Ciproxin was purchased from Fresenius Kabi (Bad Homburg, Germany). When not specified, chemicals were purchased from Sigma-Aldrich. Transwell inserts were purchased from Corning Costar (Cambridge, MA). The COPAS was purchased from Union Biometrica (Holliston, MA). The osmometer (model 3320) was purchased from Advanced Instruments (Sarasota, FL). Transepithelial resistance was measured by an epithelial volt-ohmmeter (EVOM) from World Precision Instruments (Sarasota, FL). Concentrations of Na ϩ and K ϩ were measured by a flame spectrophotometer (FCM 6343) from Eppendorf (Hamburg, Germany).
Transgenic mice. Transgenic mice expressing eGFP under the PV promoter were generously provided by Dr. Hannah Monyer (University of Heidelberg, Heidelberg, Germany) (21) . Mice were maintained on a SSNIFF rodent complete diet (SSNIFF, Soest, Germany) with free access to water. The animal ethics board of Radboud University Nijmegen approved all the experimental procedures. Genotype was assessed by checking fluorescent emission of mouse legs under UV light, as PV is also expressed in muscles (4) . Fluorescent PV mice (ϩ/ϩ) were selected for experiments (weight: 10 g, age: 3-5 wk, sex: female). NCC knockout mice were generously provided by Dr. Gary Schull (University of Cincinnati, Cincinnati, OH).
Isolation of DCT using COPAS sorting. Mice aged from 3 to 5 wk were anesthetized by a mixture of ketamine (0.8 mg/g body wt)-xylazine (0.001 mg/g body wt) administered via intraperitoneal injection and perfused transcardially with ice-cold Krebs buffer (in mM: 145 NaCl, 5 KCl, 1 NaH 2PO4, 2.5 CaCl2, 1.8 MgSO4, 10 glucose, and 10 HEPES/NaOH pH: 7.4). Kidneys from one mouse were harvested, and the cortex was finely minced before incubation in 10 ml of digestion solution (1 mg/ml collagenase type 1 and 2,000 U/ml hyaluronidase in Krebs buffer, pH 7.3) for 15 min at 37°C. Subsequently, the cortical tubule suspension was sequentially filtered through a 190-m mesh and a 100-m sieve, before being finally collected on a 40-m sieve. Material remaining on the mesh and 100-m sieve was digested again in 10 ml of digestion solution for 15 min, and again filtered through mesh and sieves. This was done two additional times, for a total digestion time of 45 min. Tubules collected from the three digestions were placed on ice and sorted by the COPAS. The following instrumental settings were used: delay 8, width 5, sheath fluid pressure 4.7-4.9, diverter pressure 1.6 -1.8, and sample fluid pressure 5.6 -5.9. The tubule suspension was diluted to maintain a flow frequency of 30 -40 events/s. The mixer speed was 90%. To ensure efficient sorting, the COPAS was routinely cleaned with ethanol and water for 30 min before and after each experiment. After a cleaning and before the start of the experiment, the machine was filled with PBS and the sample cup was coated with 0.5% wt/vol BSA in PBS/NaOH (pH 7.4). The tubule suspension diluted in Krebs buffer was sorted using the enhanced mode configuration and by adjusting the sort region parameters [vertex: x 100 arbitrary units (a. u.), y 20 a. u.; polygon: x 100 a. u., y 20 a. u.]. Using this protocol, the COPAS sorts ϳ2,000 fluorescent tubules/h and collects between 4,000 and 6,000 tubules from one young mouse. Each suspension of 2,000 fluorescent tubules was collected in a 1.5-ml Eppendorf tube, previously coated with 0.5% wt/vol BSA in PBS/NaOH, pH 7.4. The Eppendorf tube was then placed on ice, and the tubule suspension was allowed to settle. Tubules were then pelleted (0.8 g, 5 min, 4°C) before culture and mRNA isolation (see below).
Primary cell culture. Two thousand fluorescent tubules were harvested and then suspended into warmed cell culture medium (DMEM/ Ham's F12, 1:1 vol/vol, catalog no. 11309, Life Technologies) supplemented with 60 nM sodium selenite, 5 g/ml transferrin, 2 mM L-glutamine, 50 nM dexamethasone, 1 nM triiodothyronine, 10 ng/ml epidermal growth factor, 2% vol/vol fetal calf serum, 6 g/ml insulin, 20 mM D-glucose, 0.5 mM sodium pyruvate, 10 g/ml ciproxin, and additional 5 mM HEPES/NaOH, pH 7.4. The osmolality, measured by an osmometer, of the medium was 310 mosmol/kgH2O and seeded onto 0.33-cm 2 polycarbonate Transwell inserts previously coated with rat tail collagen (16 l/insert of 0.75 mg/ml collagen in 95% ethanol with 0.25% vol/vol acetic acid). Volumes used in the apical and basolateral sides were 100 and 600 l, respectively, as per the manufacturer's recommendations. Cells were cultured at 37°C in 5% vol/vol CO 2-95% vol/vol atmospheric air, and the medium was refreshed every day. Each mouse yielded between 4,000 and 6,000 tubules, enough to seed 2-5 filters.
Semiquantitative real-time PCR analysis. Tubule mRNA was extracted using TRIzol Total mRNA Isolation Reagent (Life Technologies). Briefly, pellets of 2,000 tubules isolated by the COPAS were treated with 100 l TRIzol, and mRNA was extracted using a mix of isoaminoalcohol/phenol/chloroform (1:25:25) and then precipitated by isopropanol. Reverse transcriptase reactions were performed according to manufacturer's specifications (Life Technologies). The cDNA was mixed with Power SYBR green PCR Mastermix (Applied Biosystems, Foster City, CA) and the following exon-intron-exon overlapping primers: NCC (5=-CTTCGGCCACTGGCATTCTG-3=; 5=-GATGGCAAGGTAG-GAGATGG-3=), transient receptor potential melastatin channel 6 (TRPM6; 5=-AAAGCCATGCGAGTTATCAGC-3=; 5=-CTTCACAAT-GAAAACCTGCCC-3=), renal outer medullary K ϩ channel (ROMK; 5=-GGTAAGACGGTGGAAGTGG-3=; 5=-CATTTGGGTGTCGTCT-GTTTC-3=), Na ϩ -K ϩ -Cl Ϫ cotransporter 2 (NKCC2; 5=-GGCTT-GATCTTTGCTTTTGC-3=; 5=-CCATCATTGAATCGCTCTCC-3=), transient receptor potential vanilloid channel 5 (TRPV5; 5=-CCACAGT-GATGCTGGAGAGG-3=; 5=-GGATTCTGCTCCTGGTGGTG-3=), epithelial Na channel (ENaC; 5=-CATGCCTGGAGTCAACAATG-3=; 5=-CCATAAAAGCAGGCTCATCC-3=), PV (5=-ATGTCGATGACA-GACGTGCTCAGCTCA-3=; 5=-TCATCCTCCTCAATGAAGCC-ACTTTT-3=), WNK4 (5=-CAACAGCCTGCAGCGCTC-3=); (5=-GCTGCCACTCAGAGAGTTC-3=), Ste20p-related proline alanine-rich kinase (SPAK; 5=-GACTACAGAGAAGGTCCTTGTG-3=; 5=-CCAAGCCAGCAGAGAAGAGCTC-3=), and the housekeeping gene GAPDH (5=-TAACATCAAATGGGGTGA-3=; 5=-GGTTCACAC-CCATCACAA-3=). Na ϩ and K ϩ concentration measurements. Medium on the apical and basolateral sides was collected before refreshment and used to measure Na ϩ and K ϩ concentration with a flame spectrophotometer. At least three independent measurements (from 3 different sortings) were carried out per time point. 22 Na ϩ transport measurements. For radioactive 22 Na ϩ transport experiments, tubules from digested kidneys of two mice were pooled to obtain between 8,000 and 12,000 tubules and then seeded on 4 -6 Transwell inserts. Cells on the inserts were used 6 -8 days after seeding. The culture medium was removed and replaced with either basic (in mM: 135 NaCl, 5 KCl, 0.5 CaCl2, 0.5 MgCl2, 0.5 Na2HPO4, 0.5 Na2SO4, and 15 HEPES/NaOH, pH 7.4) or hypotonic lowchloride medium (in mM: 67.5 Na ϩ gluconate, 2.5 K ϩ gluconate, 0.25 CaCl2, 0.25 MgCl2, 0.5 Na2HPO4, 0.5 Na2SO4, and 7.5 HEPES/ NaOH, pH 7.4) supplemented with 100 M bumetanide and 100 M amiloride, and in the presence or absence of 1 M angiotensin II and of different drugs (1 M losartan, 100 M hydrochlorothiazide), for 30 min (26). The apical compartment contained 100 l, and the basolateral compartment contained 600 l medium. After 30 min of incubation, the apical medium was replaced with the same volume of the prewarmed identical medium containing 2 Ci/ml 22 Na ϩ . Ten microliters of basolateral medium was collected at time points 0, 10, 20, 30, 40, 50, 60 and 70 min and analyzed for radioactivity in a PerkinElmer liquid scintillation counter.
NCC detection by immunoblotting. Immunodetection of NCC was performed on extracts of cells grown for 6 days on 0.33-cm 2 Transwell inserts. Membranes were cut from Transwell inserts, and cells were lysed for 30 min with 30 l ice-cold lysis buffer (150 mM NaCl, 5 mM EDTA, 1% vol/vol Triton X-100, 1 mM PMSF, 1 g/ml leupeptin, 1 g/ml aprotinin, 1 g/ml pepstatin, 50 mM Tris·HCl, pH 7.5). After sonication and centrifugation (16,000 g, 10 min, 4°C), the pellet was discarded and the lysate was collected. The cell extract was solubilized in Laemli buffer (200 mM Tris·HCl, pH 6.8, 10% wt/vol SDS, 50% vol/vol glycerol, 1% wt/vol DTT, 100 l bromophenol blue) and heated for 30 min at 37°C. Proteins were separated using SDS-PAGE (8% wt/vol acrylamide) and transferred to a polyvinylidene difluoride membrane (PVDF). One-hour blocking in 5% wt/vol milk in TBS (20 mM Tris·HCl, pH 7.5, 140 mM NaCl)/0.1% vol/vol Tween 20 was followed by overnight incubation with a 1:1,000 dilution of anti-NCC-directed rabbit antibody (Millipore, Billerica, MA) in 3% wt/vol milk in TBS/0.1% vol/vol Tween 20. The PVDF membrane was then incubated with peroxidase-coupled goat anti-rabbit secondary antibody (Sigma-Aldrich) and Femto Chemiluminescent Substrate (Thermo Fischer Scientific, Waltham, MA) was used to obtain the fluorescent signal.
NCC detection by immunocytochemistry. DCT cells grown on 0.33-cm 2 Transwell inserts were used 6 -8 days after seeding. Cells were incubated for 90 min in basic buffer and rinsed with ice-cold PBS and fixed for 30 min in 4% wt/vol paraformaldehyde in PBS. Subsequently, cells were treated for 15 min with permeabilization buffer (0.3% vol/vol Triton X-100 in PBS and 0.1% wt/vol BSA), followed by 15 min incubation in 50 mM NH 4Cl in PBS, and washed with permeabilization buffer. Goat serum dilution buffer (GSDB; 16% vol/vol goat serum, 0.3% vol/vol Triton X-100 in PBS) was applied for 30 min before the antibody treatment. Monolayer-containing filters were cut from Transwells and incubated overnight at 4°C with 1:200 diluted affinity-purified rabbit anti-NCC in GSDB (18) . The filters were then washed with permeabilization buffer, incubated with 1:100 diluted anti-guinea pig IgG coupled to Alexa 594 (Life Technologies) in GSDB and mounted on to a coverslip with Mowiol (Polysciences Europe, Eppelheim, Germany). Images were obtained with an Olympus FV1000 confocal laser scanning microscope using a ϫ60 oilimmersion objective. As a negative control, the cell monolayer was prepared without the primary antibody treatment. eGFP was excited with a 488-nm laser, and Alexa 594 was excited with a 559-nm laser.
Statistical analysis. Results are expressed as means of at least three independent experiments (three different sortings from three different mice) Ϯ SE. Overall statistics between groups was determined by one-way ANOVA, followed by Bonferroni post hoc tests in case of significance. A P value Ͻ0.05 was considered significant.
RESULTS

Isolation of fluorescent DCT segments.
A cortical kidney section from eGFP-PV mice (21) was incubated with an Alexa 594-conjugated anti-NCC antibody. Few tubules were eGFP positive and were likely DCT1 tubules (Fig. 1A, left, green) , while the same and other tubules were NCC labeled (Fig. 1A,  middle, red) . NCC was detected at the apical membrane of these tubules and also diffusely in the cytoplasm. The NCClabeled tubules are likely from DCT1 and the late part of the DCT (DCT2). In the eGFP-positive tubules, there is some overlap between GFP and NCC at the apical membrane (Fig.  1A, right, yellow) .
The COPAS, a fluorescent-based flow cytometer, was used to sort eGFP-labeled DCT segments from tubule suspensions freshly isolated from transgenic PV-eGFP-mice. Kidneys from PV-eGFP-mice were digested by collagenase, and subsequently ϳ5,000 fluorescent tubules/mouse were isolated. Tubules were sorted in a restricted window of fluorescence intensity and time of flight (proportional to the size of the tubule) parameters. On the graph in Fig. 1B , each point represents a single tubule, and the selected area (in red) shows 2,000 COPAS-sorted tubules.
To evaluate the purity of the sorted tubules, RT-PCR was run with primers of different tubule segment-specific genes (see EXPERIMENTAL PROCEDURES). mRNA was extracted from 2,000 PV-positive tubules, and RT-PCR was carried out to detect the presence of PV, NCC, ENaC, TRPM6, ROMK, NKCC2, TRPV5, WNK4, and SPAK. The amounts of mRNA were normalized to GAPDH, the housekeeping gene, and expressed relative to mRNA extracted from the total kidney. NCC, TRPM6, ROMK, WNK4, SPAK, and PV were abundantly detected in the sorted tubules. They were expressed at 24, 16, 12, 11, 10, and 20 times, respectively, more in the sorted tubules than in the total kidney control. NKCC2, TRPV5, and ENaC were less abundant, were respectively expressed two, three, and six times more in the sorted tubules than in the total kidney control (Fig. 1C) .
Isolated DCT tubules were then cultured in a modified Vandewalle medium (Ref. 8; see concise methods section). When seeded in a 24-well plate, cells grew out from the tubules and, after a few days, reached confluence, and domes began to appear (data not shown).
Thiazide-sensitive Na ϩ transport across DCT monolayers. DCT monolayers were made by seeding 2,000 tubules on 0.33-cm 2 Transwell inserts. The transepithelial resistance increased significantly after day 3 of culture, reached a maximum after day 6 and remained stable until day 8. Resistance of mature DCT monolayers was 630 Ϯ 33 ⍀·cm 2 ( Fig. 2A) . DCT monolayers exhibited transcellular transport of Na ϩ and K ϩ . Electrolyte transport was detectable on the day 4 and reached maximal levels between days 5 and 8 of culture. Na ϩ concentrations on the basolateral side (OE, solid line) were higher than on the apical side (OE, dashed line). Conversely, K ϩ was concentrated on the apical side (o, dashed line) relative to the basolateral side (o, solid line) (Fig. 2B ). On day 6 of culture, monolayers were bilaterally treated for 24 h with different drugs (100 M hydrochlorothiazide, 1 M spironolactone, 100 M bumetanide, or 100 M amiloride), and apical and basolateral media were collected. The difference in Na ϩ concentration (⌬Na ϩ ) was calculated as the difference between the basolateral Na ϩ concentration and the apical Na ϩ concentration. ⌬Na ϩ under control conditions was 21 Ϯ 3 mM and decreased to 7 Ϯ 3 and 3 Ϯ 3 mM after thiazide or spironolactone treatment, respectively, while incubation with bumetanide and amiloride did not significantly alter ⌬Na ϩ (Fig. 2C ). To stimulate NCC activity, confluent Transwell inserts were first preincubated with a basic buffer or hypotonic low-chloride buffer, as previously described in the study of Richardson et al. (26) before pharmacological stimulation and incubation with radioactive 22 Na ϩ . Since we cannot discount the possibility that the cultures may also contain some TAL and DCT2 cells, the monolayers were simultaneously treated with inhibitors of NKCC2 and ENaC, namely, bumetanide and amiloride. The thiazide-sensitive 22 Na ϩ transport that could be detected was, therefore, dependent only on NCC activity. Cell monolayers were then stimulated by 1 M angiotensin II or hypotonic low-chloride buffer in the presence and absence of inhibitors (100 M hydrochlorothiazide or 1 M losartan). The hypotonic low-chloride solution increased the transcellular 22 Na ϩ transport (OE, dashed line), which was prevented by hydrochlorothiazide (o, dashed line). Under these experimental conditions, thiazide treatment in the basal condition (basic buffer with bumetanide and amiloride; OE, solid line) did not alter the basal 22 Na ϩ transport (, solid line) (Fig. 2D ). The level of 22 Na ϩ transport (expressed in nmol/cm 2 ) at 60 min of stimulation was then selected for further analysis and expressed relative to the basal condition. Exposure to the hypotonic low-chloride solution significantly increased the transcellular thiazide-sensitive 22 Na ϩ transport (Fig. 2E) . Moreover, angiotensin II enhanced 22 Na ϩ transport by four times, and this stimulation was prevented by 100 M hydrochlorothiazide or 1 M losartan treatment (Fig. 2F) .
Detection of NCC in the DCT monolayer. NCC expressed in the DCT monolayers was detected by immunoblotting as described in EXPERIMENTAL PROCEDURES. Whole kidney homogenates from wild-type mice were used as a positive control, while kidney homogenates of NCC knockout mice were employed as a negative control. On an immunoblot, an arrow indicates the detection of multimeric NCC, with a molecular mass of 250 kDa (Fig. 3A) (5) .
Next, the expression of NCC was investigated in the cultured monolayers using immunocytochemistry (see EXPERIMEN-TAL PROCEDURES). PV-positive cells (green) were detected by laser excitation of eGFP, and NCC was visualized by a polyclonal antibody coupled to Alexa 594 (red) (18) . The staining of NCC showed a speckled appearance, potentially resembling intracellular vesicles containing the transporter. However, in some cells, NCC was more predominantly detected along the apical membrane. Incubation with anti-NCC without Alexa 594 was used as negative control (Fig. 3B) .
DISCUSSION
In this study, a primary mouse DCT cell model was established for the first time, allowing detailed functional studies of the molecular regulation of NCC. Here, the following observations were made: 1) key ion transporters of DCT are ex- pressed in the sorted tubules; 2) seeding of tubules on Transwell inserts gives rise to a polarized monolayer with high transepithelial resistance; 3) the DCT monolayers exhibit a thiazide-sensitive unidirectional Na ϩ transport; and 4) in these primary cultures, NCC can be specifically stimulated by angiotensin II and hypotonic low-chloride medium.
Using RT-PCR, we showed that the fluorescent-positive tubules express NCC, the epithelial Mg 2ϩ channel TRPM6, the K ϩ channel ROMK, the Ca 2ϩ -binding protein PV, and the kinases WNK4 and SPAK. In contrast, NKCC2, the Ca 2ϩ channel TRPV5, and ENaC were expressed to a lesser extent than the former transporters. This finding is in agreement with previous studies showing that NCC, WNK4, and SPAK are primarily found in the DCT, TRPM6 is only expressed in DCT1, and ROMK has been detected in the DCT (10, 27, 33, 35) . Moreover, others have demonstrated that NKCC2 is mainly expressed in the TAL, TRPV5 is present in the DCT2 and in the connecting tubule (CNT), and ENaC is expressed in DCT2, the CNT, and in the collecting duct (2, 13, 17) . It follows that the fluorescent tubules, thus isolated, are mainly transport across monolayers, evaluated in nmol/cm 2 . After 6 days of culture, DCT monolayers were incubated with basic or hypotonic buffer and pretreated with 100 M bumetanide and 100 M amiloride (see EXPERIMENTAL PROCEDURES). Hypotonic low chloride increased the transcellular 22 Na ϩ transport (OE, dashed line), and this stimulation was prevented by 100 M HCTZ (o, dashed line). Basal 22 Na ϩ transport (, solid line) was not significantly different from basal condition treated with HCTZ (OE, solid line). This experiment is representative of 3 independent experiments. Data at t ϭ60 min (arrow) were selected for further analysis (E). E: transepithelial thiazide-sensitive 22 Na ϩ transport across monolayers. DCT monolayers were prepared as previously described (see EXPERIMENTAL PROCEDURES). Monolayers were then incubated with basic or hypotonic buffer and pretreated with 100 M bumetanide and 100 M amiloride (see EXPERIMENTAL PROCEDURES) before any additional treatments [basic buffer (BASAL); HCTZ, 100 M; hypotonic buffer (HYP); hypotonic buffer with 100 M HCTZ (HYPϩHCTZ)]. Data are expressed relative to basal condition at t ϭ 60 min. Values are means Ϯ SE; n ϭ 3. ૽Na ϩ transport across HYP is significantly different (P Ͻ 0.05) from BASAL. &Na ϩ transport across HYPϩHCTZ is significantly different (P Ͻ 0.05) from HYP. F: transepithelial thiazide-sensitive 22 Na ϩ transport across monolayers. DCT monolayers were prepared as previously described (see EXPERIMENTAL PROCEDURES). Monolayers were then incubated with basic or hypotonic buffer and pretreated with 100 M bumetanide and 100 M amiloride (see EXPERIMENTAL PROCEDURES) before any additional treatments [basic buffer (BASAL); angiotensin II (ANG), 1 M; 1 M angiotensin IIϩ100 M HCTZ (ANGϩHCTZ); 1 M angiotensin IIϩ1 M losartan (ANGϩLOS); hypotonic buffer (HYP); hypotonic buffer with 100 M HCTZ (HYPϩHCTZ)]. Hypotonic stimulation and hypotonicϩHCTZ were used respectively as positive and negative controls. Data are expressed relative to basal conditions at t ϭ 60 min. Values are means Ϯ SE; n ϭ 3. ૽ANG and HYP are significantly different (P Ͻ 0.05) from BASAL. #ANGϩHCTZ and ANGϩLOS are significantly different (P Ͻ 0.05) from ANG. &HYPϩHCTZ is significantly different (P Ͻ 0.05) from HYP.
from the DCT, with minor contaminations of the neighboring tubular segments.
Cells, allowed to grow to confluence on Transwell filters, developed a high transepithelial resistance, clearly indicating that the primary DCT cells form tight monolayers. The observed resistance values were in line with observations reported on mpkDCT monolayers by Duong Van Huyen et al. (8) and by Diepens et al. (6) In the present work, isolated tubules were cultured in modified Vandewalle medium (8) . This medium was required to induce outgrowth from tubules, cell proliferation, and the appearance of domes after a few days in culture.
We are the first to establish a primary cell culture of the DCT that displays transcellular thiazide-sensitive Na ϩ transport when cultured on permeable Transwell inserts. To isolate cells, we combined the use of eGFP-PV mice with the COPAS sorting system. The benefit of this new technique is that a high number of tubules can be isolated in a short time (ϳ2,000 fluorescent tubules/h) with a minimal loss of cell viability. A pneumatic sorting mechanism permits selection of the delicate cells without damaging them. Classic techniques, such as manual microdissection of individual nephrons isolated based on morphological criteria, are time-consuming and not amenable to high throughput. Moreover, those techniques expose cells to oxidative and mechanical stress that could influence cell dedifferentiation. The COPAS is fast and generates sufficient quantities of nearly pure and viable tubules.
Through immunoblotting, NCC was detectable, even though the cell monolayers are small (0.33 cm 2 ). Similarly, by immunocytochemistry, NCC was present at the plasma membrane and in the cytoplasm. We can take these results to mean that DCT expression remains significant upon culturing. In line with this high level of NCC expression, transcellular thiazidesensitive Na ϩ transport was shown across the cell monolayer and, moreover, angiotensin II and hypotonic low-chloride stimulated this Na ϩ transport. In this study, a concentration gradient of K ϩ , mimicking physiological K ϩ secretion, developed across the DCT monolayers. ROMK is expressed along the distal part of the nephron (33, 36) , but its precise role in the DCT is unknown (12, 34) . In DCT2, the presence of ENaC depolarizes the apical membrane, thereby facilitating K ϩ secretion by ROMK (11) . In DCT1, NaCl reabsorption is mediated only by the electroneutral cotransporter NCC, and therefore substantial compensatory K ϩ efflux seems unnecessary. In the early part of the DCT, ROMK could play a role as K ϩ recycler (12, 34) . In the DCT monolayers, angiotensin II stimulated 22 Na ϩ transport, and this effect was prevented by hydrochlorothiazide or losartan pretreatments, indicating that angiotensin II is a major regulator of NCC activity. Moreover, incubation of the monolayers in a hypotonic buffer with a low chloride concentration significantly increased 22 Na ϩ transport, which could also be inhibited by thiazide. These results agree with the findings others have reported in the literature (26 -28) . Furthermore, being able to measure and stimulate thiazide-sensitive Na ϩ transport across a native DCT cell monolayer is a unique finding. Our cell model system permits the study of functional NCC in its native cellular environment.
In conclusion, the combined use of PV-eGFP mice with the COPAS and the subsequent establishment of primary DCT monolayers constitute a relevant new method for the study of NCC regulation in DCT cells. The cross-breeding of PV-eGFP mice with other knockout mice also provides the possibility of establishing different primary cell cultures to investigate specific signaling pathways involved in NCC activation. Among these, the SPAK knockout mouse (37) , which expresses eGFP under the PV promoter, could be used in combination with the COPAS to make the corresponding knockout DCT primary cell culture and to study regulation of NCC in the absence of SPAK. Furthermore, this technique could be extended to the study of other ion transporters present in specific tubular segments (22) . and Development (VENI 916.12.046) and the Dutch Kidney Foundation
